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Abstract

Despite recent advancements in instrumentation and analysis techniques, galactic evolution is
poorly understood. It has become apparent that observations of our own Milky Way can be
extremely useful in tackling this long-standing problem; due to our location within the Milky
Way we have the perfect vantage point for detailed observations of various phenomena which
may not be apparent in distant galaxies. This thesis is comprised of a series of papers pub-
lished in various astronomical journals over the years 2007–2009. The overarching motive is the
understanding of galactic, and subgalactic hierarchical merging, its relation to the evolution of
spiral galaxies, and how this relates to to the Λ Cold Dark Matter structure formation paradigm
at small scales. This thesis is divided into two separate, but intimately related sections, each
divided into subchapters to form a coherent structure. The focus of Chapter 2 is testing Newto-
nian gravity in the weak acceleration regime and quantifying the dark matter content of globular
clusters, which are analysed in the context of structure formation. Other important properties
of globular clusters are also investigated, including their isothermal rotations, metallicities, and
tidal heating by the Milky Way disc. Chapter 3 centres around the Monoceros Ring, a ring of
stellar material which encircles the plane of the Milky Way, and its involvement in the evolution
of the Milky Way disc. The largest pinhole survey of the Monoceros Ring is presented, with
ten new detections tracing the Ring almost entirely around the Milky Way plane. The results
presented are strongly indicative of its origin being external to the Milky Way, and that it is,
therefore, most likely the only known, extant, in-plane accretion event in the Milky Way system.
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Chapter 1

Introduction
The Sun and you and me, and all the stars that we can see, are moving at a million
miles a day, in an outer spiral arm at forty thousand miles an hour of the Galaxy
we call the Milky Way.

- Monty Python (Galaxy Song)

Galaxies and globular clusters fall into a gap between two scales of Universal structure: the
large-scale structure and stellar sized objects, the formation of which are fairly well understood.
This gap is slowly being filled, however many characteristics of galaxy formation are still poorly
understood. For example, too few satellites orbit large spirals to reconcile observations with
the widely accepted paradigm describing the large-scale structure of the Universe, Λ Cold Dark
Matter (ΛCDM), and it is not well understood how, or where, globular clusters form. Do they
form with their host galaxy, in galactic mergers, or as the product of some entirely different
process? Can observations of structures within spiral galaxies reproduce a realistic evolutionary
scenario?

The substructure within galaxies forms as the result of processes which are individual to
each galaxy, since each galaxy evolves in its own unique environment. Analysis of this unique
substructure should allow the evolutionary history of a particular galaxy to be determined, if
enough information is available. Therefore, to build this picture accurately for a specific galaxy,
it is important to obtain as much age, composition, kinematic and spatial information as possible
on the stellar content of that galaxy. Although there are two main types of large galaxies in
the Universe, elliptical and spiral, this study focuses on the evolution of the Milky Way (MW),
so the discussion throughout will focus almost exclusively on spiral galaxies. For the interested
reader, there are detailed discussions by Bender & Saglia (1999) and Mirabel (2001) on the
formation and evolution of elliptical galaxies.

Globular clusters, nearly spherical clusters of stars in the mass range ∼ 104−106 solar masses
(M�), reside in the halo of every large nearby galaxy, and in many nearby dwarf galaxies as
well. It is the current understanding that, in fact, all large galaxies contain globular clusters
in their haloes. These clusters are some of the smallest objects that have been probed with
N -body simulations of ΛCDM structure formation (e.g. Cen et al., 2003; Weil & Pudritz, 2002;
Abadi, 2009), furthermore, because they reside at differing distances from the centre of the host,
they make ideal testing grounds for gravitational phenomena. Although they are well studied,
many questions remain unanswered with regard to these objects. To form a comprehensive
understanding of galaxies themselves we must also understand these fascinating halo structures.

1.1 The Birth of Galaxies

There is still no consensus on exactly how spiral galaxies initially form, and it has taken many
years to arrive at the current understanding. An early, and highly influential, paper on this topic
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(Eggen et al., 1962) studied kinematics and metallicities1 of stars in the solar neighbourhood
and advocated that either the MW had a violent formation history or that most of the low
metallicity stars did not form in the centrifugally supported disc (see sections 1.2.1, 1.2.2 and
1.2.3 for discussions on the separate components of spiral galaxies). This led the authors to
the conclusion that the Galaxy2 was formed via the monolithic collapse of a proto-galactic gas
cloud. This view changed substantially as a result of several studies, most notably Searle &
Zinn (1978), who showed that a scenario in which the hierarchical merger of small fragments
built up the Galactic halo agreed with their observations of the wide distribution of metallicities
among Halo globular clusters, and White & Rees (1978) who argued for a two stage formation
process. Furthermore, the relatively small distances between galaxies compared to their physical
dimensions (as opposed to the large separation between stars in comparison with their size),
naturally leads to the assumption that galaxy interactions and mergers play a major role in the
evolution of these objects (e.g. Conselice et al., 2009). The understanding of the formation of
elliptical galaxies has changed in a similar fashion, beginning with the monolithic collapse of gas
scenario (e.g. Larson, 1974; Carlberg, 1984), and moving toward a combination of hierarchical
and monolithic collapse to reconcile with the observed structure and kinematics.

1.2 Spiral Galaxies

Most, if not all, spiral galaxies are composed of four major components: the bulge, an old stellar
population clustered about the centre (similar in morphology to a globular cluster; see Section
1.2.3); a dense gaseous disc undergoing star formation; a large, nearly spherical, diffuse stellar
halo (which generally contains between one hundred and several hundred globular clusters;
Section 1.2.3); and a large dark matter (DM) halo. All three visible components can be seen
clearly in the Sombrero Galaxy (NGC 4594) and the Two Micron All Sky Survey (2MASS;
Skrutskie et al., 2006) view of the MW (Figure 1.1). The disc is generally further separated into
thin and thick components (Figure 1.2). The 2MASS view of the MW (Figure 1.1) also shows
this division; the thin Disc is visible as the dark dust lane running though the centre and the
thick Disc as the more diffuse stellar population surrounding this dark dust lane.

Since these components are present in all spiral galaxies (although some spiral galaxies,
such as M33, have very small and non-luminous bulges – see Section 1.2.1 and Figure 1.3),
decomposition into the separate components is beneficial for both photometric and kinematic
studies of galactic structure, and is also useful when producing statistical models (see Section
1.2.3). The photometric separation of bulge and disc components began with de Vaucouleurs
(1948) who determined that the bulges of early- and late-type galaxies had cuspy and exponential
surface brightness profiles respectively (see Section 1.2.3 for a description of the de Vaucouleurs
profile). Furthermore, since each component has distinct properties, this separation is fairly
clean (although some overlap exists between thin and thick disc populations, for example) and
each component can effectively be treated separately. Stellar populations can be separated
in several ways, namely by age, kinematics and elemental abundances (metallicity). The age
of the population provides separation between components since each component undergoes
star formation at different epochs; the kinematics of each component are distinct, as is their
metallicity distribution (which is related to the age of a population and its stellar masses). Stars

1Metallicity ([M/H]) is the abundance of all elements heavier than helium (which are synthesised in the nuclear
fusion processes in stellar cores) compared to hydrogen, normalised to the solar value (i.e. [M/H]=log(Z/Z�),
where Z is the ratio of all metal atoms to hydrogen atoms). Often iron is used as a proxy for ‘all metals’ and is
represented as [Fe/H]. In this case [Fe/H]=log(NFe/NH) − log(NFe/NH)

�
≈ [M/H].

2Hereafter, the capitalisations of Galactic, Galaxy, Bulge, Plane, Disc, Halo, Warp and Flare refer to the Milky
Way galaxy unless otherwise specified (e.g. “the Galactic plane” and “the Plane” both refer to the plane of the
Milky Way). Lowercase galactic, galaxy, bulge, plane, disc, halo, etc refer to external galaxies, or galaxies in
general.
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Figure 1.1: Two examples of edge on spiral galaxies exhibiting the three major visible compo-
nents: the bulge, disc and stellar halo. Left: The Sombrero galaxy (NGC 4594) and right:
the 2MASS view of the MW. Image credits - left: NASA and the Hubble Heritage Team
(STScI/AURA), right: the Two Micron All Sky Survey - http://www.ipac.caltech.edu/2mass/

Figure 1.2: A schematic view of a spiral galaxy, overlaid with top: an image of NGC 4321, and
bottom: the COBE (http://lambda.gsfc.nasa.gov/product/cobe/) satellite image of the Milky
Way. Note the differentiation of components. Image credit: Dale E. Gary, New Jersey Institute
of Technology - http://web.njit.edu/

with lower metallicities must have formed from gas clouds which had not been enriched with
heavier elements and so are thought to be older, less massive and cooler stars. The exception
are the “blue straggler” stars which are massive, hot stars with low metallicities, appearing
much younger than other stars within a particular population, and are thought to be formed by
mergers between old, low metallicity stars (e.g. Perets & Fabrycky, 2009).

Sections 1.2.1, 1.2.2 and 1.2.3 discuss, in detail, the individual components of spiral galaxies.
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1.2.1 The Bulge

The Bulge consists almost exclusively of an old, metal-rich stellar population, with the metallicity
of the Galaxy as a whole decreasing with Galactocentric radius (e.g. Najarro et al., 2009). How-
ever, due to the uncertain nature of Galactic formation, it is unclear whether the Bulge formed
hierarchically as a separate structure early, with the Disc forming later (Forbes & Spitler, 2008),
or whether the Disc formed first and later formed a pseudobulge3 through secular evolution, or
the coalescence of dense clumps formed by instabilities in the Disc (e.g. Kormendy & Kennicutt,
2004; Elmegreen et al., 2008, and references therein). Problems arise because a Bulge built
from many individual fragments, which each have independent star formation histories, cannot
account for the nearly uniform stellar population of the Bulge. It is apparent that the Bulge is
at least as old as Halo globular clusters (Renzini, 1994), ∼ 12 − 14 billion years (Gyr), and that
the formation of the Bulge may have been part of the same dynamical process that formed the
Halo (Ortolani et al., 1995), but it is still unclear as to how this discrepancy can be resolved.

Another problem is that bulges vary greatly in size and shape, from virtually bulge-free,
to barred bulges. Lütticke et al. (2000a,b) demonstrated that ∼45% of all bulges are boxy4 or
peanut-shaped and, furthermore, if barred the exact shape of the bulge depends on the angle
of the observer to the bar. Their numerical simulations showed that peanut bulges are simply
bars seen edge on, with the major axis of the bar perpendicular to the line of sight, and boxy
bulges are those where bars are observed at smaller angles of inclination. In those cases where
the galaxy contains a central bar the bulge can appear almost spherical if seen with the bar end
on and, of course, bars can also vary greatly in size and shape. Despite these observationally
different types of bulges having the same actual morphology, this can only be the case with
edge on, barred spiral galaxies. Figure 1.3 shows two face on spiral galaxies, namely M33 (NGC
598) and M83 (NGC 5236), which exhibit vastly different galactic bulge morphologies; M33 has
virtually no bulge and the bulge of M83 is extremely large and luminous. Because of the range
of different bulges, it seems likely they are formed from processes that are independent of the
formation of galactic discs.

Figure 1.3: Two spiral galaxies showing two extremes of bulge sizes and luminosities. Left: M33
(NGC 598) has a very small, compact bulge, whereas right: M83 (NGC 5236) has a much more
obvious large, bright bulge. Image credits - left: N. Caldwell, B. McLeod, and A. Szentgyorgyi
(SAO), right: FORS Team, European Southern Observatory - http://eso.org/

3A dense central component of a spiral galaxy with a similar morphology to classical, merger built bulges
produced slowly from disc gas.

4Boxy bulges appear almost square from the observer’s line of sight.
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1.2.2 The Disc

Galactic discs are made of several components, namely the extreme thin-, thin- and thick-discs,
however, the extreme thin- and thin-discs are generally treated as a single component, and this
will also be the case throughout this thesis.

Thin Disc

This disc component typically has a radius ∼10 kiloparsecs (kpc), is several hundred parsecs
(pc) thick (c.f. the thin Disc has a scale height of ∼ 100 − 300 pc; Kroupa, 1992; Kong & Zhu,
2008) and defines the plane of the galaxy (see Figures 1.1 and 1.2). In general, the thin discs of
spirals are gaseous, the site of almost all star formation within the galaxy, blue and exhibit a
spiral structure (Figures 1.2 and 1.3). Due to the blue colouring of most thin discs, it is often
said that only young stars are found in the thin disc. However, Binney et al. (2000) show that
stars up to ∼12 Gyr old can be found in the solar neighbourhood. The majority of the stars in
spiral galaxies reside on nearly circular orbits in the thin disc. The circular velocity of the stars
is almost independent of the radius, indicating the presence of large quantities of dark matter
within the galactic halo (see Section 1.2.3 and e.g. Rubin, 1983), with the rotational velocity of
the Disc being ∼ 220 km s−1 (e.g. Bobylev et al., 2008).

Thick Disc

A much more diffuse component than the thin disc, this appears in many ways to be an ex-
tension of the thin disc from images such as the right panel of Figure 1.1. Kinematic, age and
metallicity data, however, have shown that these components contain distinct stellar popula-
tions with differing chemical histories (e.g. the abundances of α-elements5, as well as Al, V, and
Co, are greater for stars in the thick Disc compared to the thin Disc, for a given metallicity),
with thick Disc stars being older (10–13 Gyrs) than those in the thin Disc (1–12 Gyrs; Binney
et al., 2000; Reddy, 2007), as well as dynamically warmer. The thick Disc has a scale height
of ∼ 700 − 1200 pc (von Hippel & Bothun, 1993; Buser et al., 1999), with two major processes
having been put forward to account for the “thickness” of thick discs.

• Migration of Thin Disc/Bulge Stars: This migration can occur in two ways:

1 - Due to the kinematics of thin discs, it is certain that over long enough timescales, stars
will migrate from the thin disc to populate a region surrounding it, producing a thick disc. This
is because stellar populations in thin discs cannot, realistically, be on orbits that lie entirely in
a perfect plane.

2 - The flattening of bulges by the gravitational potential of the thin disc may also create
the appearance of a thick disc (e.g. Gilmore & Reid, 1983).

However, because the timescales for these migrations are very long, this scenario has been re-
placed by the more favourable merger hypothesis.

• Minor/Intermediate Mergers: Velazquez & White (1999) showed that dynamical heating
during a single merger between a dense stellar object with a mass of ∼ 10−20% of the disc mass
and a Milky Way-like thin disc, produces a reasonably realistic thick disc. However, a more
realistic scenario is the merger of several such objects because ΛCDM cosmologies predict large
numbers of dark haloes surrounding galactic discs. With this constraint, N -body simulations

5Those elements produced via α-processes in stellar cores: C, N, O, Ne, Mg, Si, S, Ar, Ca and Ti.
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by Kazantzidis et al. (2008) and Villalobos & Helmi (2008), showed that as few as a single DM
halo, and as many as six, on realistic orbits and with masses ∼ 20 − 60% of the thin disc mass
(∼ 10 − 20% of the total galactic mass), crossing the disc over the past ∼ 8 Gyr, will create
a long-lived stable thick disc that remains extant until the present and has a complex vertical
kinematic and morphological structure that is consistent with the thin-/thick-disc decomposition
described above. The scale height of the thick disc created increases with the orbital inclination
of the mergers, and also depends on other conditions such as a pro- or retro-grade orbital motion
with respect to the disc. It is interesting to note that the simulations by Kazantzidis et al. (2008)
and Villalobos & Helmi (2008) also leave a significant proportion of the thin disc in its original,
kinematically cold state, allowing for the old stellar populations in the thin Disc described by
Binney et al. (2000).

Warp and Flare in Galactic Discs

Although galactic discs usually appear close to planar, this is not necessarily the case. Many,
including the MW disc itself, exhibit some measure of warping and flaring6. The extreme warping
of the discs of UGC 3697 and ESO 510-G13 can be seen in the upper two panels of Figure 1.4,
and the lower panel shows the warped/flared model of the Disc from 2MASS red clump star
counts, originally presented as Figure 22 of López-Corredoira et al. (2002).

Figure 1.4: Both UGC 3697 (upper left), and ESO 510-G13 (upper right) exhibit unusually large
warps in both their stellar and gaseous discs. Bottom: The López-Corredoira et al. (2002) model
of the Galactic disc, produced from 2MASS red clump star counts, shows both distinct Warp
and Flare (Figure 22 from that study). Image credits - upper left: L. D. Matthews (CfA), J. M.
Uson (NRAO), upper right: NASA and the Hubble Heritage Team (STScI/AURA).

It is important to note that the amount of Warp and Flare measured is very much dependent

6The increase in scale height of the disc with increasing radius.
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on the tracer used. The greatest Warp is in the dusty component of the Disc, and the least
in pulsars (see Figure 1.5). The cause of the Warp is still unknown, but the four possible
mechanisms put forward to-date are the tidal forces of a Galactic satellite (e.g. Kazantzidis et
al., 2009, and Figure 1.6, show the effect of an accreting satellite on the gaseous disc), asymmetric
intergalactic magnetic fields interacting with ionised gas in the Disc, a misalignment of the Halo7,
or the direct accretion of material from the intergalactic medium onto the Disc (Castro-Rodŕıguez
et al., 2002, and references therein).
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Figure 1.5: Galactic warp models originally presented as Figure 2 by Yusifov (2004), showing
the correlation between the strength of the Warp and the tracer used to measure it.

Figure 1.6: NGC 4013 and its warped gaseous disc. A giant stellar tidal stream (the remnants of
a tidally destroyed satellite galaxy) is seen encircling this edge on spiral galaxy. The interaction
with the satellite has deformed the neutral hydrogen in the disc of the host galaxy, leading to
a warped gaseous disc (shown here as contours). This is clear evidence that warps in gaseous
galactic discs can be created in such a manner. This is also good evidence for stellar haloes
being formed via mergers (Section 1.2.3) Originally presented as Figure 7 by Mart́ınez-Delgado
et al. (2009).

7It is possible, for example, that the visible Galaxy is in orbit about the centre of the dark Halo (Blitz, L –
private communication).
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1.2.3 The Halo

As for the disc, the halo has two separate components, namely the stellar and dark haloes.

Stellar Halo

This galactic component is a nearly spherically symmetric collection of stars surrounding the
galactic centre, and is populated by older, metal-poor stars (the metallicity range of Halo stars is
−4 ≤ [Fe/H] ≤ 0, peaking at [Fe/H] ∼ −1.6; Ryan & Norris, 1991) and globular clusters (GCs).
The spatial density of the stellar Halo falls off as ρ(r) ∝ r−α for r . 25 kpc (with 3 ≤ α ≤ 3.5),
likely drops off more and more rapidly for r > 25 kpc (Binney & Merrifield, 1998), and has a
mass of ∼ 109 M� (e.g. Carney et al., 1990). Although the spatial extent of the stellar Halo is
not known, the most distant Halo objects yet observed are 123 kpc (the distance to the furthest
Halo globular cluster AM 1; Harris, 1996; Frommert, 2007), and 130 kpc (the most distant known
Halo field stars; Clewley & Warren, 2003) from the Galactic centre. In comparison, recent work
(Ibata et al., 2001a, 2007; McConnachie et al., 2009) has shown that the stellar halo of the
nearest large spiral to the MW, the Andromeda galaxy (M31), extends to at least twice this
distance and even envelopes the neighbouring galaxy M33 (Figure 1.7). It is likely through
interactions with smaller galaxies (i.e. mergers) that these haloes are built up, and so these
structures are very important for understanding galactic formation and evolution (see Helmi
2008 for a review of formation/evolution scenarios arising from the analysis of substructure in
the Galactic stellar halo).

Figure 1.7: The density distribution of stellar sources surrounding M31 and M33 with the inset
showing the central parts of the survey at higher resolution. The stars forming the density map
all have colours and magnitudes consistent with red giant branch stars at the distance of M31.
The dashed circles represent radii of 150 and 50 kpc from M31 and M33, respectively, and images
of both galaxies are overlaid at their locations within the survey field. Visible dwarf satellites are
indicated with roman numerals and the circled numbers indicate: 1, M33 structure; 2, 125-kpc
stream (stream A); 3, stream C; 4, eastern arc (stream D); 5, giant stellar stream; 6, northwest
minor-axis stream; 7, southwest cloud. Originally published as Figure 1 by McConnachie et al.
(2009).

Extended stellar haloes may actually be very common surrounding large spiral galaxies, as
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should be expected since galaxies evolve through mergers (see Section 1.3 and Chapter 3). Evi-
dence for this comes, in part, from the first ground-based observations of an extended stellar halo
around a spiral galaxy outside the Local Group (Mouhcine, Ibata & Rejkuba, 2010, Figure 1.8
– also see Figure 1.6 for further evidence of stellar halo formation in progress; see Section 1.3 for
an explanation of the Local Group). The common nature of extended stellar haloes surrounding
spiral galaxies can also be inferred from the MW itself. The Monoceros Ring and Sagittarius
dwarf tidal stream (see below for further discussion of these Galactic tidal features) are two
large stellar streams which both appear to have been formed through interactions between the
MW and external dwarf galaxies and represent a significant fraction of the mass of the stellar
Halo.

Figure 1.8: A surface density map of red giant branch stars surrounding NGC 891. A large
system of tidal streams loop around the galaxy – the remnants of accretion events which are
building up the stellar halo. Also visible is a dense stellar structure enveloping the disc and
bulge. Originally published as Figure 1 by Mouhcine, Ibata & Rejkuba (2010).

The stellar Halo has long been considered a single Galactic component and thought to
have little or no intrinsic rotation. Therefore, it was thought to be a gravitationally supported
structure with stars on almost radial orbits about the Galactic centre. However, there is growing
evidence that the Halo is made up of two distinct components which have different metallicity
and density profiles, with the inner Halo having a net prograde rotation and the outer Halo
having a net retrograde rotation (e.g. Carollo et al., 2007).

Globular Clusters

As mentioned previously, GCs populate the halo of most, if not all, large galaxies. There are
∼160 known Galactic globular clusters (spherical clusters of stars whose density diminishes with
radius, see Figure 1.9), which are usually separated into three categories, namely the Bulge
(e.g. Valenti et al., 2007), Disc (e.g. Casuso & Beckman, 2006) and Halo (e.g. Parmentier &
Grebel, 2005) clusters, although catalogues such as Harris (1996) and Frommert (2007) do not
differentiate between the different categories. No consensus has been reached on whether GCs
form with their host galaxy (e.g. Bekki et al., 2007), as the results of galactic mergers (e.g.
Hancock et al., 2009; Hartwick, 2009), or are formed through another process entirely (e.g.
Hasegawa et al., 2009).
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Figure 1.9: The globular cluster 47 Tucanae (47 Tuc). Image credit: the Two Micron All Sky
Survey - http://www.ipac.caltech.edu/2mass/.

Figure 1.10: Histogram of the metallicity data of Bulge GCs published by Valenti et al. (2007).
Note the large number with [Fe/H]∼ −0.75 indicating the possibility of a unique population.

Halo GCs are the most numerous, and extend to large radii in a roughly spherical distribution
about the Galactic centre. The Disc and Halo populations have distinct metallicity ranges,
namely −2.6 .[Fe/H]

Halo
. −0.8 and −0.8 .[Fe/H]

Disc
. −0.2 (Binney & Merrifield, 1998),

however, the Bulge population has a metallicity range that spans nearly this entire spectrum,
−1.7 .[Fe/H]

Bulge
. −0.2 (Valenti et al., 2007), indicating they may not be a separate population

but a mixture of Disc and Halo clusters apparently located in the Bulge by chance, due to the
current position along their orbital path. However, there is a clear peak in the metallicity
distribution of Bulge GCs at [Fe/H]∼ −0.75, right at the intersection of the Disc and Halo
populations, so perhaps this population is truly separate but is mixed with a few Disc and Halo
contaminant GCs in chance physical alignment with the Bulge (Figure 1.10).

As mentioned in Section 1.2, GCs are similar in morphology to classical galactic bulges8

which, in turn, are similar to large elliptical galaxies. Furthermore, classical bulges and elliptical
galaxies obey the same surface brightness profile, namely the Sérsic (1968) profile9:

8Those that are not boxy-, peanut- or pseudo-bulges.
9Since de Vaucouleurs (1948) originally proposed that the surface brightness profiles of galactic bulges closely
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where Ie is defined as the surface brightness at the effective radius10, and the parameter bn

ensures that re is the half light radius. Because of the similar morphologies, it should be no
surprise that the Sérsic profile also fits the surface brightness profiles of GCs remarkably well.
The Plummer (1911) profile:

I(r) =
Itot

πb2

(

1 +
r2

b2

)−2

(1.2)

(here b is the scale radius, effectively the half-light radius) is a very close match to the Sérsic
profile in the outer regions, but diverges at approximately the half-light (or half-mass) radius
(Figure 1.11). However, because the Plummer model is physically motivated, that is it produces
a stable physical distribution (the Plummer Sphere; e.g. Boily & Kroupa, 2003), the advantage
of this model is that it can be used to estimate various observational parameters, including
the scale radius, the total mass and the projected velocity dispersion profile, where this is not
possible with the Sérsic profile (see Dejonghe, 1987, for details). Although it is recognised that
the Plummer model is not a perfect representation of GCs, it fits both the surface brightness
and velocity dispersion profiles of GCs remarkably well (see Figure 1.11 and Chapter 2), and
the ability to determine physical parameters using this model makes it an incredibly useful tool.
Equation 1.3 shows the projected Plummer velocity dispersion profile:

σ2(R) =
σ2

0
√

(1 + R2/r2
s)

, (1.3)

where σ is the projected velocity dispersion with radius R, σ0 is the central velocity dispersion
and rs is the Plummer scale radius. The half-mass radius is equivalent to the scale radius in the
projected Plummer model, as above, but is ≈ 1.305 times the scale radius for unprojected models
(Haghi et al., 2009). It should be noted that King (1966) models have been very successful in
modelling the surface brightness and velocity dispersion profiles of GCs. These models come
in several varieties, namely single and multiple component, both truncated and non-truncated.
However, these models are no more accurate than the Plummer model when analysing data
with velocity uncertainties of ∼ 1 − 2 km s−1 (approximately the accuracy of the individual
stellar velocities, as well as velocity dispersions, analysed in this thesis) and are not solvable
analytically. Therefore, the Plummer model has been chosen for the analysis throughout this
work, for ease of use and with no reduction in accuracy.

Globular clusters are important tracers of both galactic formation and evolution (see Bassino,
2008; Harris, 2010, for reviews), the shape (e.g. Peñarrubia, Walker & Gilmore, 2010) and mass
(e.g. Watkins, Evans & An, 2010) of the dark matter halo, and the formation and evolution of the
individual stellar components of galaxies (i.e. the bulge and stellar halo – for example see Bica et
al. 2006; Forbes & Spitler 2008). One great advantage of GCs is their intrinsic luminosity; bright
GCs can be observed in galaxies beyond 100 Mpc and are generally found in large numbers. In
addition, distribution functions of key parameters such as mass, age and metallicity can be
constructed using GCs, rather than being restricted to the luminosity-weighted averages that
can be extracted from unresolved field stars. Furthermore, Galactic GCs are located at small
enough distances for individual stars to be resolved. This allows for accurate measurements

follow Equation 1.1 with a Sérsic index of 4 (also see Figure 1.11), it has been shown that there are many exceptions
to this rule (e.g. Courteau et al., 1996; MacArthur et al., 2003) and that the generalised de Vaucouleurs profile,
the Sérsic profile, fits a greater range of classical bulge morphologies (e.g. McDonald et al., 2009).

10The radius which encloses 50% of the total luminosity.
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Figure 1.11: Top: A Sérsic profile of index 1 (black curve) overplotted with a Plummer profile
with a scale length of 10.0 and a total luminosity of 2.2 (red curve). All units are arbitrary, the
curves are presented here simply to show their functional forms. Lower left: Velocity dispersion
data of NGC 288 overplotted with the best-fit Plummer model (see Section 2.3). Lower right:
V-band surface brightness data of NGC 288, originally published by Trager et al. (1995) as
part of their Figure 2 (open circles), overplotted (red curve) with a Plummer surface brightness
profile (again, see Section 2.3). Note the quality of the Plummer model fits to both the velocity
dispersion and surface brightness profiles.

of the internal dynamics of each cluster which is essential for calculating their masses, and,
therefore, mass-to-light ratios and dark matter content (see Chapter 2).

The Monoceros Ring and Canis Major Overdensity

It is well known that galaxies are built up over time in a hierarchical manner (see Section 1.3),
and observational evidence of tidal interactions is quite common; these interactions produce
substructure in the halo of the galaxy. The Sagittarius dwarf galaxy is a good example of this
in the Halo (Ibata et al., 1994, also recall Figure 1.6). As relics of galactic evolution, analysing
such galactic substructure is vital to our understanding of the evolutionary histories of galaxies.
Our own Milky Way provides us with a unique opportunity to observe this substructure in fine
detail.
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While conducting a survey of the stellar Halo, analysing SDSS11 F-type stars at their main
sequence turnoff, Newberg et al. (2002) discovered an overdensity of stars originally observed to
cover &40◦ of sky toward the Galactic centre. This object has now been traced around the entire
Galactic plane, and at two distinct distances from the Galactic centre (Crane et al., 2003; Ibata
et al., 2003; Rocha-Pinto et al., 2003; Yanny et al., 2004; Conn et al., 2005, 2007, 2008) and has
become known as the Monoceros Ring (MRi). The accepted explanation for the existence of the
MRi is that it is the only known, extant in-Plane accretion event in the MW system. As such, it
provides a unique opportunity for studying the evolution of the Galactic disc; in-plane accretion
events deposit material directly on to galactic discs, driving disc evolution. Recently there have
been many new discoveries of tidal streams which are also apparently close to the Plane (see
Grillmair, 2006, and references therein). Are Planar streams more common than previously
realised, or can these new streams be attributed to the same accretion event that formed the
MRi? Unlike the Sagittarius dwarf, the progenitor for the MRi is unknown, although the leading
candidate is the purported Canis Major overdensity/dwarf galaxy (Martin et al., 2004), which
is thought to be the remnants of a tidally stripped dwarf galaxy in a nearly Planar orbit. It is
possible, however, that the overdensity is only an apparent overdensity which is due to observers
at our location in the Galaxy looking through the Galactic warp. The overdensity is located
close to the maximum Warp, South of the Plane [at Galactic coordinates (l,b)◦ ≈(240,–9)◦], so
it may give the impression of a stellar overdensity because our line-of-sight cuts through more
of the Disc in this region.

Currently two N-body models of the tidal destruction of the Canis Major dwarf have been
produced (Martin et al., 2005; Peñarrubia et al., 2005), neither of which describe the observed
structure of the MRi successfully. Note that of the two models, only the Martin et al. (2005)
model represents the observed location of the Canis Major overdensity correctly. It is important,
therefore, to test observations of the MRi to a Galaxy model so that the most accurate possible
information can be obtained for the MRi. The Besançon Synthetic Galaxy model (Robin et
al., 2003) is a population synthesis model, and, as such, is extremely useful for comparisons
to observations of the Milky Way because it allows for the separation of the various Galactic
components (Halo, Bulge and Disc), mimicking our ability to dissect spiral galaxies themselves
(see Section 1.2). The Besançon model potential is calculated in a self-consistent manner, in
agreement with star counts from the HIgh Precision PARallax COllecting Satellite (HIPPAR-
COS; Mel’Nik & Dambis, 2009, and references therein), and the rotation curve of the Galaxy. It
contains constraints on the structure of the Bulge, and, importantly, on the warping and flaring
of the Disc. The model is designed to reliably predict star counts in photometric bands from
visible (U) to near-infrared (K). Therefore, this is an excellent model for highlighting detections
of the MRi within observational data.

Dark Halo

Dark matter was first proposed as a solution to a problem – that galaxies near the virial radius12

of galaxy clusters have velocities which exceed that of a stable system if clusters were only
comprised of visible material (Zwicky, 1933). In other words, the galaxies near the virial radius
of a galaxy cluster would have escape velocities greater than that of the cluster if the only
matter within the cluster was visible. This was later shown also to be true for the discs of
spiral galaxies; the rotation curves of galactic discs are essentially flat, meaning that the circular
velocity of the disc is approximately constant with radius (see Rubin, 1979, references therein,

11The Sloan Digital Sky Survey (York et al., 2000)
12The radius of a sphere, centered on a galaxy or a galaxy cluster, within which virial equilibrium holds. Virial

equilibrium occurs where 2 < T >= n < V > (here < T > is the average total kinetic energy of the system and
< V > is the average total potential energy of the system) for some value of n.
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and Figure 1.12). This could only be the case if galaxies have a large component of non-luminous
mass extending out to large radii, the dark halo. Dark haloes appear to be ubiquitous among
galaxies, from dwarfs to large ellipticals.

The nature of dark matter is unknown, however, it is by far the most massive component
of galaxies, comprising more than 90% of the total mass. The dark Halo extends to at least
100 kpc with a density distribution ρ ∝ r−2, and within 50 kpc of the Galactic centre has a
mass ∼ 5 × 1011 M� (Kochanek, 1996). There is ongoing debate over whether the dark Halo is
spherical (e.g. Ibata et al., 2001b; Siebert et al., 2008), oblate (e.g. Jurić et al., 2008), prolate
(e.g. Starkenburg et al., 2009) or triaxial (e.g. Law et al., 2009).

Figure 1.12: The rotation curves for the spiral galaxies NGC 801, NGC 2998, NGC 3672, and
NGC 7541, originally published as Figure 2 by Rubin (1979). All show a steep increase in
rotational velocity near the bulge (at radius = 0) which flattens out at small radii. This could
only occur if there was a significant quantity of non-luminous mass extending to large radii.

1.3 Hierarchical Structure Formation, ΛCDM and the Gravita-

tional Interaction

The Milky Way is one of two large spiral galaxies in the Local Group of galaxies, which contains
approximately 30–40 galaxies in total. Although N -body analysis of structure formation in
ΛCDM cosmology reproduces structure on the Local Group scale extremely well, below this
scale it over-represents observed structure by ∼ 2 orders of magnitude. This has become known
as the “missing satellite problem” – too few dwarf galaxies and globular clusters are observed
within the local Universe when compared with ΛCDM predictions (e.g. Diemand et al., 2007).
Despite many new faint, dwarf satellite galaxies in the Local Group being discovered recently
(e.g. Willman et al., 2005a,b; Zucker et al., 2006; Martin et al., 2006), the vast majority of the
missing satellites are yet to be found. Some recent studies have attempted to shed light on
this problem, for example by invoking luminosity bias (Tollerud et al., 2008) or mass-dependent
suppression of star formation in low-mass subhaloes (Koposov et al., 2009), however, the debate
surrounding the missing satellites is ongoing.

An important question to ask, then, is “do we understand gravity correctly?” Is it possible
that in the ΛCDM predictions we are seeing the consequences of a fundamental flaw in our
understanding of the gravitational interaction? Attempts to solve this problem abound, par-
ticularly with regard to removing the requirement for dark matter from gravitational theories.
Of particular note is MOdified Newtonian Dynamics (MOND; Milgrom, 1983), which alters the
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strength of gravity below an acceleration threshold (a0 ≈ 1.2 × 10−10 m s−2) and has seen some
success with matching observations (e.g. for the Fornax dwarf galaxy;  Lokas, 2001), however,
many other modified gravity theories exist which can also claim some success (e.g. Moffat &
Toth, 2008), and none can be applied universally.

MOND, which modifies Newtonian dynamical theory only when accelerations are very weak,
describes well, without invoking dark matter, the relation between the rotation and luminosity of
spiral galaxies, and also describes the rotation curves of galaxies. It does not, however, accurately
replicate the orbits of galaxies within clusters, nor the rotations of galaxy clusters themselves.
Moffat & Toth (2008) claim that their modified gravity theory explains galaxy rotation curves,
galaxy cluster masses and velocity dispersions, lensing, and cosmological observations, as well
as predicting accurate velocity dispersion profiles which are consistent with Newtonian theory
for GCs. This, however is still not a universal gravitational theory and is, in any case, still
debated. Furthermore Moffat & Toth (2008) only fit their model in the Newtonian regime with
data from globular clusters by Scarpa et al. (2007), who claim that a modified version of gravity
may be required to explain their data. These data do not agree with much of the literature and
have not been replicated by other studies (e.g. Sollima et al., 2009, see also Chapter 2). Recent
extensions of General Relativity theory seem to be more universal, because, for example, they
perform well when predicting large scale structure formation; they include “dark fields” that
seed cosmological structure growth. They may also explain recent weak lensing data. However,
the presence of these dark fields reduces calculability because it is unclear what these fields are
or how they should behave. They also come at the cost of the original MOND premise, that the
matter we see is the sole source of gravity (Ferreira & Starkman, 2009). It is clear, then, that
empirical testing for non-Newtonian behaviour is vitally important to our understanding of the
nature of the gravitational interaction.

Halo GCs are the perfect test-beds for studying the nature of the gravitational interaction,
since they are thought to be virtually DM free. This is based on evidence from dynamical models
(e.g. Phinney, 1993), N-body simulations (e.g. Moore, 1996), observations of GC tidal tails (e.g.
Odenkirchen et al., 2001), their dynamical and luminous masses (e.g. Mandushev et al., 1991),
and the lack of microlensing events from GC mass dark haloes (e.g. Navarro et al., 1997; Ibata
et al., 2002). Because they are at differing distances to the Galactic centre and Galactic plane,
Galactic influences cannot be the primary cause of any observed divergence from Newtonian
predictions, and furthermore, the vast majority of Halo GCs have an ellipticity of ∼ 1 (Han
& Ryden, 1994) indicating that they have neither large rotations nor large tidal forces acting
on them. In addition, the accelerations felt by the stellar members of GCs is often below a0

(particularly the external members, e.g. Scarpa et al., 2007, and also see Section 2.3 where it is
shown that the most distant cluster members exhibit accelerations at least an order of magnitude
below a0). There is also evidence that the most massive Halo GC (ω Centauri) has recently
undergone a merger (see Section 2.4), which makes GCs not only the ideal for testing ground
for our understanding of the gravitational interaction, but for galaxy evolution via hierarchical
merging at the subgalactic-scale as well.

The study by Scarpa et al. (2007) seems to show that the velocity dispersion profiles of several
GCs flatten out well inside the tidal radius (where the external gravitational field matches that
from the cluster itself), reminiscent of galaxy rotation curves (see Figure 1.13). If this were shown
to be a real effect, this would place a sizable doubt on our understanding of the gravitational
interaction at low accelerations. The authors claim specifically that a modification to gravity is
required to explain their results, or, at least, that their data is evidence for a failure of Newtonian
Dynamics for accelerations below a0, and challenge the astronomical community to disprove or
generalise their results. This is a vitally important challenge as the understanding of one of the
fundamental forces of nature is in question.

Chapter 2 is dedicated to trying to replicate the results by Scarpa et al. (2007), i.e. to show
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whether GCs exhibit a flattening of their velocity dispersion profiles in the outer regions. If this
could be replicated it would be further evidence that something is amiss with our understanding
of gravity. For this Chapter ten GCs were selected for analysis. These clusters were chosen to
be at varying distances to the Galactic Plane and Centre, and hence any consistent deviation
from Newtonian gravity across all clusters (shown as a flattening of the velocity dispersion
profiles which would be evident as a deviation from the Plummer model – see Section 1.2.3 and
Equations 1.2 and 1.3 for details of the Plummer model) could not be primarily due to Galactic
influences. Two clusters, namely M30 and NGC 288, were chosen to overlap with the Scarpa
et al. (2007) study so those clusters could be compared directly. Further selection criteria for
the clusters chosen are as follows. They are all bright (MV < −7), with Heliocentric distances
< 30 kpc to facilitate observations, but with a large enough distance range from the Galaxy
such that Galactic influences would be easy to rule out. Clusters were also chosen to have radial
velocities greater than 2σ from the velocity peak of stars in the direction of the cluster, based
on the Besançon model (to ensure the greatest probability of extracting cluster members with
minimal Galactic contamination).

Figure 1.13: Originally published as two panels of Figure 2 by Scarpa et al. (2007), an obvious
flattening of the velocity dispersion profiles of NGC 7099 and NGC 6341 is shown. These results
have not been replicated by other studies.

Another important piece of this puzzle can be addressed by observing the remnants of hier-
archical accretion within our own Galaxy, not just within the GCs in the Halo. Dwarf galaxies
generally have masses at which merging is still predicted by ΛCDM to be on-going (& 107M�;
again see Section 2.4). Accretion onto the Halo has been well-studied by analysing the Sagittar-
ius dwarf interaction, however, the Sagittarius dwarf is, of course, only part of the evolutionary
history of the Galaxy. Because the MRi may be driving the evolution of the Disc, defining its
extent and distance, as well as searching for its progenitor, are vital to our understanding of the
evolution of the Milky Way. The location of the MRi in the Galactic plane makes it much more
difficult to study because it is obscured by the dust, gas and stars of the Disc itself. Disentan-
gling the MRi from the Galactic disc has become a serious challenge to observers, but once this
has been done a much clearer picture of Galactic evolution will become available. Producing
this coherent picture of the evolution of the Milky Way is one of the greatest opportunities, and
challenges, facing Galactic astronomy of this age.
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1.4 Thesis Outline/Rationale

I think that it is much more likely that the reports of flying saucers are the results
of the known irrational characteristics of terrestrial intelligence than of the unknown
rational efforts of extra-terrestrial intelligence.

- Richard Feynman

The research described in this thesis comprises two distinct, yet closely related, topics. Therefore,
this thesis is divided into two main sections, namely Chapters 2 and 3. Each of these Chapters
contain individual, related subchapters, which could each be considered a chapter in its own
right. The Chapters themselves comprise papers published by, or submitted to, Monthly Notices
of the Royal Astronomical Society (MNRAS) and Astrophysical Journal (ApJ). Each subchapter
is preceded by an introduction outlining the work presented in the paper to give context, as well
as stating my specific involvement in the production of each paper. All papers presented in this
thesis are listed beginning on page 1. The two Chapters comprise the majority of the work that
has gone into this thesis, however, it is not necessarily in chronological order. Instead it has
been organised by topic for readability and coherence.

The primary goal of the work presented in Chapter 2 is the understanding of GC dynamics
and, hence, the dark matter content of these objects and the nature of the gravitational in-
teraction, which is vital to our understanding of galactic evolution. Furthermore, if we do not
understand the nature of the gravitational interaction, does the missing satellite problem have
any relevance? GCs are used as test-beds for this work because of their low internal acceler-
ations. However, if we are to use these objects to test our understanding of gravity, we must
first quantify their dark matter content. Because modifications to Newtonian gravity gener-
ally take place at the approximate accelerations where dark matter is invoked to reconcile with
observations, we must first rule out dark matter as the cause of any deviations to Newtonian
predictions. The data from several surveys are analysed in a completely homogeneous manner,
using the same data reduction and analysis techniques. Because of the homogeneous manner
in which this work was performed it has been possible to make strong statements regarding
the realism of modified gravity theories, as well as the dark matter content of Galactic GCs.
This is extremely important to our understanding of gravity itself, as well as galactic evolution
and small-scale structure formation. The hierarchical nature of Universal structure formation is
further probed at the very low-mass scale with the first kinematic evidence for a merger history
within the globular cluster 47 Tucanae.

Second, because we live within the MW, we have a unique platform from which to observe
extant evolutionary processes at work on galactic scales. The only known in-Plane accretion
event is probed in a large, deep pinhole survey of the outer Halo and thick Disc. This survey is
used to to trace the MRi around the Galaxy, and calculate its distance from the Galaxy at each
location, with the ultimate goal of determining its origin. The survey is presented in Chapter
3. Understanding the MRi is essential to our understanding of Galactic evolution because it is
the only known extant Planar accretion event in the MW system, and planar accretions drive
disc evolution by depositing material directly onto galactic discs.

The conclusions presented in Chapter 4 produce a coherent picture from all the material
presented in this thesis, with the overall goal being the understanding galactic evolution via
hierarchical merging, and the nature of the gravitational interaction. This Chapter also presents
possibilities for future directions in this field, and outlines plans for future research.
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Chapter 2

Globular Clusters, Dark Matter and
the Gravitational Interaction

Every passing hour brings the Solar System forty three thousand miles closer to
Globular Cluster M13 in Hercules – and still there are some misfits who insist that
there is no such thing as progress.

- Kurt Vonnegut

2.1 Testing Newtonian Gravity with AAOmega:
Mass-to-Light Profiles of Four Globular Clusters

Richard R. Lane, László L. Kiss, Geraint F. Lewis, Rodrigo A. Ibata, Arnaud Siebert, Tim-
othy R. Bedding and Péter Székely, 2009, Monthly Notices of the Royal Astronomical Society
400, 917-923

The first paper in this thesis begins a series of three papers, with this first paper focusing on our
understanding of the nature of the gravitational interaction. There have been several provocative
studies published recently (Scarpa et al., 2003, 2004a,b, 2007) in which the authors claim to have
detected a flattening of the velocity dispersion profile in the outer regions of GCs. This exciting
claim calls into question our understanding of gravity; because GCs are thought to contain
little, or no, dark matter, their velocity dispersion profiles should drop off in a Keplerian-like
fashion. A flattening of the dispersion profiles of GCs could indicate either a large dark matter
component, or a flaw in our understanding of the nature of gravity itself. Both of these are
extremely interesting scenarios.

Although GCs are thought to contain little dark matter, this is still under debate, so quan-
tifying the dark matter content was necessary in order to rule out its effects in any deviation
from Newtonian gravity that may be observed. It was also necessary to test for the claimed ve-
locity dispersion profile flattening. These two tests were performed in a single step on four GCs,
namely M22, M30, M53 and M68, using a Plummer (1911) profile fit to the velocity dispersion
profile. As discussed in Section 1.2.3 the Plummer model is a very useful tool for determining
physical parameters of GCs; because of the physical motivation behind the model, many physi-
cal parameters of these objects can be calculated from a well fitted model. The other important
characteristic of the Plummer model is that it produces a monotonically decreasing function for
the velocity dispersion profile – the expected Keplerian-like fall of with radius – which means
that any flattening of the profile at large radii will be revealed as a deviation from the model.

The data analysed in this paper was obtained by myself (RRL) and László Kiss. The data
reduction was performed by myself, and all code for the analysis of the reduced data, as well
as the manuscript itself, was written by myself in consultation with László Kiss, my supervisors
Geraint Lewis and Rodrigo Ibata, and collaborators.
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2.2 Testing Newtonian Gravity with AAOmega: Mass-To-Light
Profiles and Metallicity Calibrations From 47 Tuc and M55

Richard R. Lane , László L. Kiss, Geraint F. Lewis, Rodrigo A. Ibata, Arnaud Siebert, Tim-
othy R. Bedding and Péter Székely, 2010, Monthly Notices of the Royal Astronomical Society,
401, 2521-2530

This second paper continues the test of Newtonian gravity in GCs from the first paper (Section
2.1) using 47 Tucanae and M55, with an important addition. Due to the very large datasets
obtained for these two clusters (these are currently the largest spectral datasets available for both
clusters), it was possible use these data to extend a previously published method for calculating
the metallicities of GCs. The previous method using the luminosity of the Horizontal Branch
(HB) and equivalent widths of the spectral lines of the infrared CaII triplet was calibrated to
the luminosity of the Tip of the Red Giant Branch (TRGB). This has two major advantages:
the TRGB is much brighter than the HB (∼ 5 magnitudes) so this method can be used for
much more distant objects, and it can also be used for objects with blue HBs since these stellar
populations are too hot to exhibit strong CaII lines. This recalibration is, therefore, a significant
improvement over the previous method.

Furthermore, an unexpected result was uncovered, a rise in the velocity dispersion profile of
47 Tuc at large radius! This is the first evidence for this anomaly in this cluster and may be the
result of evaporation, or a past merger (see Section 2.4). As in the first paper, the rotational
velocities of the clusters were measured, with 47 Tuc exhibiting a surprisingly large rotation.
Could this also be the result of a merger?

Serendipitously, two GCs residing in the Small Magellanic Cloud, namely NGC 121 and
Kron 3, lie close enough on the sky that they are in the same field as 47 Tucanae. Although
very distant (∼ 60 kpc) it was possible to obtain data for several stars from each cluster, and
hence determine their global metallicities. Furthermore, because M55 is located in front of the
southern tidal tail of the Sagittarius dwarf galaxy, it was possible to extract some members from
this stream, and again, determine the global metallicity of the stream in that location.

The data analysed in this paper were obtained, and reduced, by my collaborators. All code
used for data analysis, as well as the manuscript itself, was written by myself (RRL) in consul-
tation with László Kiss, my supervisors Geraint Lewis and Rodrigo Ibata, and collaborators.
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2.3 Halo Globular Clusters Observed with AAOmega:
Dark Matter Content, Metallicity and Tidal Heating

Richard R. Lane, László L. Kiss, Geraint F. Lewis, Rodrigo A. Ibata, Arnaud Siebert, Timo-
thy R. Bedding, Péter Székely, Zoltán Balog and Gyula M. Szabó, 2010, Monthly Notices of the
Royal Astronomical Society, DOI: 10.1111/j.1365-2966.2010.16874.x

This paper is the final paper in the series analysing Newtonian gravity, completing the analysis
of the velocity dispersion profiles of GCs with M4, M12, NGC 6752 and NGC 288, bringing
the total to ten. The original primary focus of this three-paper project was the understanding
of the nature of the gravitational interaction. Therefore, it should be clearly stated here that
no evidence was uncovered which could be used to infer any large dark matter component in
any of our clusters, nor the requirement of a modification to Newtonian gravity. Out of these
ten clusters, all at varying distances from the Galactic centre and Plane, only M4 showed any
obvious flattening of its velocity dispersion profile at large radii. M4 has an orbit that is nearly
Planar so this flattening can be attributed to tidal heating.

The number of clusters observed allowed some statistical predictions on the tidal field of the
Milky Way. It is clear that the clusters close to the Plane are all tidally heated by the Disc.
What is not clear, however, is why the stars in the outer regions of all these objects should cool
down much more rapidly than their relaxation times. This was an unexpected puzzle that is,
as yet, unanswered, but may be explained by stars escaping from the outskirts of the clusters,
or due to outer GCs being on very circular orbits (which are, therefore, not heated significantly
in their passage around the Galaxy). Analysis of data from the Radial Velocity Experiment
(RAVE) is in progress to resolve this problem. Again, because of the number of GCs at varying
distances from both the Galactic centre and Plane, it was also possible to make broad predictions
about the the shape of the dark Halo by looking for tidal heating events in the most distant
GCs. This is the first time analysis of GCs has been used in this manner.

As in the fields of 47 Tuc and M55 described in Section 2.2, the observed M4 field contained
another cluster. This observation was intentionally offset slightly from the centre of M4 to allow
the inclusion of NGC 6144 on the edge of the field, for which we obtained data on 19 stars.
Despite this small number of stars we were able to determine the systemic radial velocity of this
cluster with better accuracy than previous studies.

Other important things to come from this project included a rotation measurement for all
clusters, a readjustment of literature values (e.g. Harris, 1996) of the tidal radius of NGC 6752,
and the unresolved puzzle of the rapid cooling of distant cluster members following tidal shocks.
All of these are discussed in this paper.

Again, the data analysed in this paper were obtained, and reduced, by collaborators. And
again, all the code used in the data analysis, as well as the manuscript itself, was written by
myself (RRL) in consultation with László Kiss, my supervisors Geraint Lewis and Rodrigo Ibata,
and collaborators.
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2.4 AAOmega Observations of 47 Tucanae: Evidence for a Past
Merger?

Richard R. Lane, Brendon J. Brewer, László L. Kiss, Geraint F. Lewis, Rodrigo A. Ibata, Ar-
naud Siebert, Timothy R. Bedding, Péter Székely and Gyula M. Szabó, 2010, The Astrophysical
Journal Letters, 711, L122-L126

Evidence for subgalactic-scale hierarchical merging is rare, however, the predictions of ΛCDM
indicate that hierarchical clustering processes at scales ∼ 107M� should still be occurring today
(e.g. Moore et al., 1998), which is still an order of magnitude larger than the masses of GCs.
At even smaller scales it is reasonable to suspect that extant relics of mergers may also exist,
although it is also reasonable to assume they are rare, and may only exist in the largest clusters.
Until the the discovery of two distinct kinematic populations within ω Centauri by Ferraro et
al. (2002), no kinematic evidence had been found for hierarchical merging at such small scales.
Given that ω Centauri is the most massive GC in the MW system, no other remnants of such
small-scale accretion may be observable, and this discovery may have been the only one of its
kind possible in the Halo.

Although there have been hints from photometric surveys that 47 Tucanae may also contain
relics of a past merger (e.g. the mixed stellar populations reported by Anderson et al., 2009), no
evidence had been found in velocity space to support the claim, and the mixed stellar populations
were thought to be due to self enrichment processes. In this fourth paper we report the first
kinematic evidence for a merger event in 47 Tucanae, an extremely important find.

The discovery came from the velocity dispersion profile of 47 Tuc presented in Section 2.2.
The rise in the velocity dispersion beyond approximately half the tidal radius was an unexpected
result and, as discussed in Sections 2.2 & 2.3 may be the result of several competing scenarios.
All of these are presented in this paper together with other possibilities. The most plausible
scenario appears to be a merger between two smaller GCs that both formed from the same
protocluster cloud. This merger hypothesis may seem unlikely because the probability of two
objects of such similar metallicity and mass passing close enough to each other to merge in
the Halo seems very small. However, this problem is removed if the two clusters form from
the same protocluster cloud, which inevitably orbit the barycentre of the system. Through
dynamical friction the two protoclusters shed angular momentum which eventually necessitates
coalescence.

Again, the data analysed in this paper were obtained, and reduced, by collaborators. The
Bayesian code used in the modelling (Section 2) was written by Brendon Brewer. The manuscript
itself was written by myself (RRL) in consultation with Brendon Brewer, László Kiss, my su-
pervisors Geraint Lewis and Rodrigo Ibata, and collaborators, and I am also responsible for the
interpretation of the modelling (Sections 3 and 4).
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Chapter 3

The Monoceros Ring

(One ring to rule them all, one ring to find them, one ring to bring them all, and in
the darkness bind them.)

- J.R.R. Tolkien

3.1 The AAT/WFI Survey of the Monoceros Ring and Canis

Major Dwarf Galaxy - I. From l = (193 − 276)◦

Blair C. Conn, Richard R. Lane, Geraint F. Lewis, Rodrigo Gil-Merino, Mike J. Irwin, Ro-
drigo A. Ibata, Nicolas F. Martin, Michele Bellazzini, Robert Sharp, Artem V. Tuntsov and
Annette M. N. Ferguson, 2007, Monthly Notices of the Royal Astronomical Society 376, 939-959

The debate over whether the MRi and Canis Major overdensity (CMa) are of Galactic or extra-
Galactic origin is addressed in the following paper. If the MRi is the result of an accretion event,
the most credible progenitor candidate is the CMa dwarf (Martin et al., 2004, 2005). However,
it is unclear what the CMa structure actually is; debate has surrounded the nature of this object
since its discovery. Several explanations for this stellar overdensity have been proposed; it may
be a line-of-sight effect of the Galactic warp (Momany et al., 2004) or outer spiral arm (Carraro
et al., 2005; Moitinho et al., 2006). It has also been claimed that the MRi is explained by the
flaring of the Disc (Momany et al., 2006). In this paper several new detections of the MRi are
reported, expanding its known extent to more than ∼ 180◦ of the sky. Comparisons to the
Besançon Galaxy model are used to highlight the detections, or otherwise, of the MRi at each
location. The claims of the MRi being due to the Flare, and those of the CMa overdensity being
due to the Warp or spiral arm, are investigated in detail with the addition of these new data.

Assuming that the MRi is the tidal remnants of a dwarf galaxy, immediate tidal tails should
be detectable near the CMa structure itself as overdense coherent stellar systems radiating from
the body of the CMa overdensity. Although the Martin et al. (2005) model is not a perfect
representation of the MRi (neither of the two available MRi models are perfect, as discussed in
Section 1.2.3), it is preferred over the Peñarrubia et al. (2005) model because only the Martin
model shows the CMa overdensity in its current location on the sky. Therefore, in light of
predictions from the Martin et al. (2005) model, a new interpretation of several of the MRi
detections is given with regard to the immediate tidal tails of the CMa structure.

The data analysed in this paper were obtained, and reduced, by collaborators. The code
to calculate the data completeness (the fraction of stars detected at any particular magnitude;
Section 4.4.1) was written by myself (RRL). While I did not directly contribute heavily to the
writing of the manuscript itself, I was involved at every stage of the intellectual process in the
development of the manuscript and the conclusions drawn from the data analysis.
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3.2 The Anglo-Australian Telescope/Wide Field Imager Survey
of the Monoceros Ring and Canis Major Dwarf Galaxy - II.

From l = (280 − 025)◦

Blair C. Conn, Richard R. Lane, Geraint F. Lewis, Mike J. Irwin, Rodrigo A. Ibata, Nicolas
F. Martin, Michele Bellazzini and Artem V. Tuntsov, 2008, Monthly Notices of the Royal As-
tronomical Society 390, 1388-1398

This paper continues the search for the MRi and CMa overdensity at various locations around
the Galaxy. Again, the work presented here is the product of a pinhole survey of the outer
Disc and Halo. The analysis of the data from this survey has produced two further detections
of the MRi at previously unknown locations, bringing the known extent of the MRi to ∼ 240◦

of the sky. No detections were found in the Bulge, however, this is unsurprising due to the
stellar density of the Galaxy at those locations; disentangling MRi stars from Bulge stars is an
extremely difficult task.

A region close to the maximum of the Warp, South of the Plane, is analysed here to further
constrain the likelihood that the Canis Major overdensity is simply a line-of-sight effect of
the Galactic warp. If the overdensity is a physical overdensity of stars, the remnants of a dwarf
galaxy, it is imperative to trace its path through the Galaxy to determine its role in the evolution
of the Milky Way. Can the detections of the CMa overdensity in this region be fully explained by
the Warp? It is important to take into account the expected distance to the warped part of the
Disc we are looking through to be able to distinguish between the two scenarios. The Besançon
Synthetic Galaxy model is again used for comparison with all observed fields and no obvious
deviation from the model can be inferred in those fields in which the MRi/CMa is absent, a
good indication of the veracity of the model for work such as that presented in this paper.

In addition, the density and breadth of the MRi is compared above and below the Plane.
With the inclusion of these new data the accuracies of the two N-body models of the tidal
destruction of the Canis Major dwarf galaxy are compared. These new data again show that
neither are perfect, although the Martin et al. (2005) model is the better of the two in comparison
with this dataset. What is clear, therefore, is that there is a requirement for further modelling
of these important structures to determine the exact nature of the MRi and the location of its
progenitor. An important task in understanding the Galaxy.

Again, the data analysed in this paper were obtained, and reduced, by collaborators. The
code to calculate the data completeness (Section 3) was written by myself (RRL). While I did
not directly contribute heavily to the writing of the manuscript itself, I was involved at every
stage of the intellectual process in the development of the manuscript and the conclusions drawn
from the data analysis.
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3.3 The Subaru and 40-inch Distractions

Two attempts were made to collect data to further analyse the MRi and CMa structures which
began with the two previous papers. These consisted of observing runs using the Subaru tele-
scope on Mauna Kea in Hawai’i and the 40-inch (40′′) telescope at Siding Spring Observatory in
New South Wales, Australia. An observing run using the Subaru telescope was also performed
to establish the nature of a recently discovered dwarf galaxy-like object Willman 1 and the Ursa
Major dwarf galaxy (UMa), and two follow-up runs were proposed following the failure of the
first, the last of which included the newly discovered Canis Venatici dwarf galaxy (CVnI). These
five attempted observing runs, including intentions and outcomes, are outlined in the remainder
of this Chapter.

Willman 1, UMa and CVnI

In the first instance, we were awarded 5.5 hours on the Subaru telescope as one of only two
successful Australian applicants to obtain Subaru time via the new Gemini-Subaru time share
agreement which began in Semester 2006B. We were to obtain data on Willman 1 and UMa,
using the wide field camera Suprime-Cam in service mode, that is, Subaru staff were to perform
the observations for us.

The overarching aim of this project was to gain a better understanding of the low-mass
building blocks of the Galaxy. Willman 1, originally reported by Willman et al. (2005b), was,
at that time, thought to be the least massive dwarf galaxy-like structure in the Galactic halo,
with an initial mass estimate of ∼ 120 − 2000 M�. This mass estimate seemed very unlikely
considering objects of such low mass are not likely to be gravitationally bound, although it was
clearly a very small object. Because this structure appeared to be less massive than even the
smallest GCs, it would lend invaluable insight to the lowest mass building blocks of galaxies.
Indeed, if Willman 1 has such a low mass, what could it be? Certainly not a dwarf galaxy
or GC; perhaps a new class of object? Another apparently low-mass Galactic satellite, UMa,
had also recently been discovered (Willman et al., 2005a) and reported to be the lowest surface
brightness companion known, and to be very distant (∼ 100 kpc). Because many important
attributes of these interesting objects were still unknown, it was vital to our understanding of
the fundamental building blocks of the Galaxy to obtain better quality data on both objects.
Direct imaging of faint tidal debris, combined with surface brightness measurements, would
allow estimates of their tidal radii through profile fitting. Furthermore, we were to calculate
their masses, metallicities, surface brightnesses, distances and look for multiple star formation
epochs, improving our knowledge significantly.

The observations were performed February 18, 2007, following a substantial delay due to
an earthquake. Unfortunately, our efforts were thwarted due to complete cloud cover on the
night of the observing run, and the Subaru staff in charge of the observations sent back data
of the undersides of the clouds. The initial form of the time-share agreement left us with no
course for reobservation so we were left empty-handed. Fortunately, because of the problems
we encountered during this scheduled service run, the Subaru-Gemini time-share agreement has
now been altered so that these types of problems no longer arise from service observations.

Due to the poor quality of the data, we applied for Subaru time twice more over the next
three semesters to observe these same objects, with similar goals. To further our understanding
of faint, low-mass Galactic satellites, we included CVnI, one of the lowest mass dwarf satellite
galaxies of the MW, in the final proposal (for Semester 2008A). We intended to determine its
density profile, look for metallicity gradients using three broadband colours as a metallicity
proxy, and determine its star formation history through isochrone fitting. To further constrain
the formation history of the Galaxy, we were to use multi-colour matched filtering to detect faint
tidal debris. Neither of these proposals were awarded any time.

94



Recently Discovered Planar Streams and Revisiting the MRi

Two projects were proposed to run concurrently to further constrain the MRi in various locations
both above and below the Galactic plane. Time was awarded for both projects, with eight nights
on the 40′′ telescope and one night on Subaru, both in classical mode, that is, I was to do the
observing myself for both projects.

Many Galactic satellites, and associated tidal streams, have recently been discovered in SDSS
data (e.g. Grillmair, 2006, and references therein). However, SDSS coverage does not extend over
the entire sky, leaving a lot of Galactic substructure unstudied. A hint of one of these structures
(the “Eastern Banded Structure”, or EBS; Grillmair, 2006) extends into SDSS coverage by only
a few degrees (see Figure 3.1), and there is evidence that it may be related to the main stream
reported by Grillmair (2006). The EBS also appears to extend toward the Galactic disc. Is
it possible that this new structure is also part of the single accretion event that formed the
other in-Plane streams, including the MRi? The 40′′ survey planned to extend the coverage of
the EBS South of SDSS, to validate its existence and reveal its path toward the Galactic plane
and main Grillmair (2006) stream. An attempt was to be made to locate the point of contact
between these streams, with blue main sequence stars employed as density tracers, revealing
the relative luminosity/density of both the EBS and Grillmair streams, as well as the region
between the streams. These density maps were designed, in part, to probe the reality of the
striations reported in both streams. The density profile would also have been used to constrain
the amount of material in each wrap of the stream about the Galaxy and hence constrain the
age of the accretion. Very important steps toward a complete understanding of the MRi.

Data in SDSS reaches u′ ∼ g′ ∼ r′ ∼ 22 and i′ ∼ z′ ∼ 21, showing that these streams can be
observed at this magnitude limit, although at the very limit of detection; clever exponential and
fourth order polynomial surface fits had to be subtracted (Grillmair, 2006) before smoothing and
weighted summation of the final image revealed these extremely low surface density features.
This project had planned to reach ∼ 1 mag deeper than SDSS, to avoid systematic effects
introduced when analysing very low surface density targets. It had been planned to use the
data from the Wide Field Imager1 on the 40′′ telescope to determine the distance, metallicity
and further age estimates through isochrone fitting to resulting Colour Magnitude Diagrams
(CMDs), however, weather intervened which reduced the survey area covered and the quality of
the data collected. We had also planned to use these data to constrain high resolution numerical
models of the tidal break-up of dwarf satellite systems to further constrain the in-Plane structures
observed, which would have uncovered whether these new streams are indeed other branches of
the single accretion event that created the MRi, further revealing the accretion history of the
Galactic disc.

During the 40′′ observing run, half of the nights had high, thin cloud and strong winds (up
to 60 knots), which meant it was not possible to open the dome, and the other half were partly
cloudy with very poor seeing (a measure of the stability of the atmosphere; at times it was as
bad as ∼ 5′′, effectively rendering the data unusable). This resulted in a dataset covering less
than half of the sky coverage originally proposed, to a B magnitude of ∼ 18−19 rather than the
intended 22.7 (see Figure 3.1 for the total sky coverage proposed and Figure 3.2 for an example
of the data quality achieved). During reduction of the data2 it was realised that the headers of
the .fits files containing the data from this run were offset from the true pointing position of the
telescope. These offsets were usually < 2′, but in a random direction, so that we had to realign

1For a detailed description of the Wide Field Imager see PhD thesis by Blair C. Conn entitled “New Overden-
sities in the Thick Disc and Halo: the Interactions of a Newly-Accreted Galaxy”.

2The data was reduced using the Cambridge Astronomical Survey Unit (CASU) data reduction pipeline (see
Irwin & Lewis, 2001, and PhD thesis by Blair C. Conn entitled “New Overdensities in the Thick Disc and Halo:
the Interactions of a Newly-Accreted Galaxy” for detailed descriptions of the CASU pipeline) specifically modified
to work with the 40′′ Wide Field Imager data.
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each individual frame by hand to allow the data reduction pipeline to match the imaged stellar
positions. Once this was done it was clear that because of the weather and seeing, first, the
data did not go to faint enough magnitudes and second, there were insufficient stars to produce
useful CMDs. The lack of stars is likely due to the CASU pipeline classifying many of the stars
as galaxies due to the poor observing conditions spreading the star light over a large number of
pixels of the camera. Figure 3.2 shows a comparison of CMDs from a single 40′′ field and one
from a recent data acquisition from Subaru at the same latitude and with the same sky coverage
(see below for details of the Subaru data). Note that the MRi sequence “turns in” [from blue
(negative values of g − r) to red (positive values of g− r)] at r ∼ 19 which is also approximately
the limiting magnitude of the 40′′ data.

Figure 3.1: The Martin et al. (2005) model of the tidal break-up of the CMa dwarf (red dots).
Overlaid onto this model are: three rectangles representing the three proposed regions to be
covered by the 40′′ survey, the core of the Canis Major overdensity (solid circle), the Conn et
al. (2005) detection of the MRi at (l, b) = (150, +15)◦ (open circle), the Grillmair (2006) stream
(circled plus signs), the approximate known extent of the “Eastern Banded Structure” (green
polygon) and the approximate limit of SDSS Data Release 6 coverage (solid black line) with no
coverage closer to the Plane or with increased l. Note that SDSS coverage will never extend into
these regions.

The Subaru survey was intended to target ∼ 10 square degrees of sky, centered on a new
detection of the MRi at (l, b)◦ =(167.1,−34.7)◦ (Casetti-Dinescu et al., 2008). Importantly,
the distance of this detection from the Plane meant greatly reduced Galactic contamination,
providing an unobscured view of this structure. This survey would have provided an exquisite
opportunity to unravel the nature of this feature and its relation to the Canis Major overdensity.

Casetti-Dinescu et al. (2008) identified MRi member stars concurrent with the Peñarrubia
et al. (2005) model of the break-up of CMa (Figure 3.3). Our survey was to target nine fields in
a 3×3 grid, centered on the SA71 region (red circle in Figure 3.3), to determine the distance to,
and orientation of, the MRi in this region through the measured density profile of each field and
CMD analysis. We planned that each field, spaced five degrees apart, would comprise a mosaic
of four pointings, covering ∼ 1 square degree per field. In this way, a systematic search for the
orientation of the MRi would be performed.

We planned to map each square degree field to g ′=26.0 and r′=25.5, > 5 magnitudes below
the expected redward trend of the MRi sequence at 9 kpc, providing data far down this sequence,
and hence reliable differentiation between it and MW sequences (Figure 3.4). In addition,
this would create a more complete sampling of fainter stream stars which are inherently more

96



Figure 3.2: Comparison between the quality of the 40′′ data and data from the recent Subaru
run. Left: A CMD produced from ∼ 1 square degree of the recently obtained Subaru data
centered on (,b)◦ ≈(150.0, +14.5)◦ . A section of the MRi sequence has been coloured red to
highlight the location of the sequence. Centre: The same CMD as the left panel without the
highlighting of the MRi sequence. Right: An example of the data from the 40′′ run. This CMD
of a single 40′′ field centered on (l,b)◦ ≈(240.0, +14.5)◦ also covers ∼ 1 square degree and is at
the same latitude as the Subaru field. Note that the MRi sequence “turns in” at approximately
the limiting magnitude of the 40′′ data (r ∼ 19), therefore, the MRi feature is absent in the 40′′

data. Note also that the 40′′ data does not reach fainter than SDSS. The the vertical scale in
the right panel is different to that in the centre and left panels.

Figure 3.3: The spatial distribution of MRi tidal debris from the Peñarrubia et al. (2005) model
(grey points) overlaid with MRi stars observed by Casetti-Dinescu et al. (2008) (black points).
The orbital path of the Sagittarius dwarf galaxy is shown as green parallel lines and the red circle
is the SA71 area selected by Casetti-Dinescu et al. (2008) for their survey. This was originally
published by Casetti-Dinescu et al. (2008) as their Figure 7.

numerous; the large number of stars would provide an accurate density profile of the MRi over
∼ 10 degrees of latitude, and this would allow the stream to be traced across these fields in both

97



Figure 3.4: A 2.5 square degree field from the Besançon Synthetic Galaxy model centered on the
SA71 MRi detection at (l, b)◦ =(167.1,−34.7)◦ . The solid red line denotes the expected position
of the MRi sequence at 9 kpc. Note the redward trend of the MRi sequence at r & 19.0 and the
clear separation between the MRi and Galactic sequences.

latitude and longitude.
In addition to the density profile, the stellar populations present in the MRi would have ages

dependent on its formation scenario; it would contain stars with a similar age distribution as
the Disc if the origins of the structure truly lie with the Galaxy. These new data, combined
with the numerous MRi detections of previous surveys, would have provided parameters for
high resolution N -body/Smoothed Particle Hydrodynamics simulations of the stream. These
simulations would have necessarily described the most realistic model of the MRi to-date, having
tightly constrained final conditions determined by these data. These simulations would likely
also have provided: the required evidence for the in-Plane accretion hypothesis (or otherwise),
a test for the veracity of the previous models, and would be used as a platform to focus future
photometric and spectroscopic surveys of the MRi. On the night of the observations (October
27, 2008) Mauna Kea was completely cloud covered and despite waiting until sunrise for it to
clear we were unable to collect any data. One positive outcome from the observing run was that
I got to visit Hawai’i and Mauna Kea observatory.

Since then, a new survey has been performed on Subaru with the Suprime-Cam wide field
camera, targeting three strips of sky, each ∼ 15◦ long, perpendicular to the Plane at l = 130◦,
150◦ and 170◦ and another strip cutting across the main stream reported by Grillmair (2006)
(see left two panels of Figure 3.2 for CMDs from this new survey). We now have a fantastic
dataset of four strips of the sky in which the MRi can be traced very well and we are basing a
paper on these data (Conn et al., in prep). In this up-coming paper we will reveal the orientation
of the MRi over the range of Galactic latitude 130◦ < l < 170◦, as well as its cut-off North of
the Plane (where its density drops to that of the background Galactic field) over that range of
latitudes. For the first time the density of MRi will be calculated, as will its overall mass. These
new data, along with the data from the two previous papers in this thesis, will form the basis
for a new N-body model which we will present in a forthcoming paper. We are slowly edging
closer to a full understanding of this structure and its relationship with the Galaxy.
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Chapter 4

Conclusions and Further Work
I refuse to answer that question on the grounds that I don’t know the answer.

- Douglas Adams

The work presented in this thesis draws on two separate but intimately linked approaches to
the problem of hierarchical structure formation at the galactic, and subgalactic scales. The
first, that of testing the nature of the gravitational interaction, focuses on our understanding of
gravity. If we do not understand the way gravity behaves, does this mean that our best model of
Universal structure formation, ΛCDM, is flawed? If ΛCDM is flawed, does this also then mean
that the missing satellite problem may be resolved? The second, observations of the MRi and
possible progenitor the CMa dwarf, addresses galactic-scale structure formation, with particular
focus on galactic discs.

To be able to determine whether the accelerations of stars near the outskirts of GCs is in
keeping with Newtonian predictions, it was first necessary to quantify the dark matter content
of each GC in the survey. Mass-to-light information was calculated from the projected density
profile of each cluster and surface brightness measurements. Due to crowding and confusion
effects resulting in a large uncertainty in the mass contained with the cores of GCs, no mass-
to-light information can easily be claimed for the cores of GCs. Therefore, the rarely used, but
very robust method for calculating the global mass-to-light ratios of GCs was adopted, that of
using mass-to-light profiles. This means the mass uncertainty in the core can be avoided by only
calculating the mass-to-light ratio for radii beyond the core, in this case for radii greater than
the Plummer scale radius which is considerably larger than the core radius. In all ten clusters
presented here, none show any evidence for significant dark matter components, since all have
mass-to-light ratios . 5. The lack of dark matter gives some indication of the formation of
GCs. If they formed concurrently with other Galactic components, why are they so dark matter
deficient? The paucity of dark matter is indicative of formation outside of the Galaxy, unless
there is a mechanism which removes the dark matter and leaves the stellar material behind.
If they are formed within the tidal tails of mergers, as has been suggested, this still does not
explain the dark matter deficiency.

The globular cluster analysis was performed in a completely homogeneous manner by using
the same instrument for data collection, reducing the data with the same reduction pipeline,
and all subsequent data analysis being performed in the same way. This homogeneity is very
important in such a large study to ensure that all systematics are accounted for coherently.
The results presented here strongly indicate that Newtonian gravity is a good description of how
things really behave, even in the very low acceleration regime (below a0) at the outskirts of GCs.
This is an important result for two reasons. First, it shows that gravity is well understood.
Second, this implies that the ΛCDM structure formation model is still our best model for
structure formation in the Universe, which then means that the missing satellite problem is still
exactly that, problematic. Why ΛCDM predicts so many more satellites for large galaxies is
still unclear, although better observations of galactic haloes may eventually resolve this problem
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through the detection of numerous low-mass halo objects.

In addition to determining the dark matter content of the target GCs and testing Newtonian
gravity, several other important results came from this project. (1) The rotations of all ten
clusters were measured, with two, namely 47 Tuc and M22, exhibiting very large rotational
velocities. A possible explanation for the extreme rotation of 47 Tuc is that it underwent a
merger in its past. (2) A known method for calculating the metallicities of GCs, and also for
individual stars, was vastly improved by calibrating from the equivalent widths of the calcium
triplet lines and the Tip of the Red Giant Branch, rather than the horizontal branch. Because
the horizontal branch is approximately five magnitudes fainter than the RGB tip, this method
can now be used to calculate the metallicities of much more distant objects where the horizontal
branch is not available, and also for objects, such as M55, where the blue horizontal branch
stars are too hot to exhibit strong calcium triplet lines. (3) GCs within ∼ 3 kpc of the Plane
are apparently tidally disturbed by the Disc. This may be unsurprising because tidal shocking
by galactic discs is well known, however, for all clusters that are not being continuously shocked
by the Disc (M4, for example, is on a nearly Planar orbit and so is undergoing continuous tidal
stress) their apparent cooling times are far shorter than their relaxation times. It is unclear what
cooling mechanism is at work here because two-body relaxation can not occur this quickly in the
diffuse outer regions of GCs. (4) It is possible, although highly speculative, that 47 Tuc, M22 and
NGC 6752 contain intermediate black holes in their cores. According to the low-mass extension
of the M-σ relation, these have masses of ∼ 675M�, ∼ 170M� and ∼ 80M� respectively. (5)
The lack of tidal heating signatures on GCs in the outer Halo is a weak indication of the non-
triaxiality of the dark Halo. (6) Instead of the expected monotonic drop with radius expected
for the velocity dispersion profile of 47 Tuc, a marked rise was discovered at radii greater than
half the tidal radius. This is a very important result because it shows that this cluster is either
quickly evaporating, or more likely, underwent a merger 7.3 ± 1.5 Gyr ago. This is only the
second kinematic evidence of hierarchical merging at the GC-scale, and a truly rare opportunity
to further understand merging at the subgalactic scale.

Constraining the location of the MRi around the Galaxy is an important step in under-
standing Disc evolution. The research described in this thesis shows conclusively that the MRi
entirely encircles the Disc with 10 bona fide and two tentative new detections of the structure.
These new data provide strong evidence that the MRi cannot be considered part of the Warp
or Flare, and is extra-Galactic in origin. It is also apparent that the Warp can not produce
the signatures that are seen in the CMDs near the core of the CMa overdensity, therefore, the
structure is not a line-of-sight effect as has been claimed. Due to their enormity, the exact nature
of both structures is difficult to determine from this survey alone and large, deep surveys of the
outer stellar Halo and thick Disc are required before a consensus can be reached.

Despite several abortive attempts to obtain additional data on the MRi, a fantastic dataset
has now been obtained from the Subaru telescope. A manuscript in preparation will further the
current knowledge of the MRi and its role in the evolution of the Disc greatly. In this coming
manuscript, the first attempt will be made to weigh the MRi, giving tight constraints on the
initial mass of the progenitor. The orientation of the MRi above the Plane and over the latitude
range 130◦ < l < 170◦ will also be presented, as will the northern limit of the stream over those
latitudes. These new data will be used to focus a high resolution N -body simulation of the tidal
breakup of the MRi progenitor, with the new model to be presented in a subsequent manuscript.
This will tell us much about hierarchical merging at subgalactic scales and how these mergers
relate to ΛCDM, by adding another branch to the known merger tree of the Galaxy.

My research has paved the way to a greater understanding of the Galaxy, however, there is,
of course, more to be done. A brief summary of various directions that can be taken follows.

The formation of GCs is still hotly debated. To fully understand their formation, proper
motion studies of their members are required. While some of this information exists for several
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GCs, determining the proper motions of all stars which now have publicly available radial
velocity information will allow for the three dimensional kinematics to be calculated. It will
then be possible, for example, to obtain the three dimensional axes of rotation of these clusters
with respect to the Galactic centre. If these can be shown to be correlated in some way, this will
be a vital piece of information on the formation history of the Halo GCs. Although it is becoming
clear that GCs have negligible dark matter content, the question of why GCs are virtually DM
free is still unanswered. Interestingly, there is still no consensus on the DM content of tidal
dwarf galaxies. Since these may form in concert with GCs (e.g. Bournaud & Emsellem, 2008;
Hancock et al., 2009), and because the formation environment is likely to play a crucial role in
the DM content of these objects, the dark matter content of tidal dwarfs may also be minimal.
Measurements of the DM content of tidal dwarf galaxies is, therefore, another important step
in our understanding GC formation.

Ferraro et al. (2003) discussed the possibility that the inner 0.08 pc of NGC 6752 has M/LV ∼

6 − 7. Since we do not claim any knowledge of the M/LV at those radii, but see an increased
M/LV toward the core, this is a possibility. Interestingly, Leigh et al. (2009) have noted an
observational correlation which may be useful for accurately estimating the masses of GC cores,
and, therefore, may make such core M/LV measurements possible. Further research is needed to
ensure the technique is valid before this can be done. Explaining the anomalously large M/LV

for the core of NGC 6752 is not within the scope of this thesis but if it can be corroborated, its
cause should be pursued, since no GC has been shown to have such high M/LV at any radius
(assuming the lower end of our M53 estimate is taken).

The cooling mechanism for the outskirts of GCs discussed above needs to be explored. As
mentioned, normal two-body relaxation can not account for such rapid cooling at the stellar
densities in these outer regions. One way to address this issue is to perform high resolution
N -body simulations of disc shocking in GCs to see if this cooling can be replicated. If similar
cooling is observed in these simulations, a mechanism can then be investigated.

Modelling the two-component population of 47 Tuc in this thesis relied exclusively on stellar
kinematics. Although Plummer models which are fit solely to GC kinematics can also be good
fits to their surface brightness profiles (Lane et al., in prep.), it is important to extend the
model to include an extra constraint by forcing such a fit. This new, better constrained model
is currently being produced and will form the basis of a forthcoming manuscript. N -body
simulations of merging globular clusters are also required to further clarify the merger scenario
for 47 Tuc. These simulations will address several observed quantities, namely how much angular
momentum can be imparted through a 9:1 merger, what consequence the merger has on the
velocity dispersion in the outer regions of the cluster over dynamical timescales, and what effect
it has on the global M/LV. If it can be confirmed that 47 Tuc has recently undergone hierarchical
merging, as seems to also be the case with ω Centauri, this provides evidence that small-scale
structure formation is much more common than previously believed at the current epoch, which
may alleviate the problem of the missing satellites.

Modelling of the MRi and CMa structures is of major importance to their complete com-
prehension. While there is now general agreement that the MRi is the result of an in-Plane
accretion event, the currently available models of this merger are unsatisfactory. Despite the
lack of data from several attempted surveys, the new data presented in this thesis, along with
that from the Subaru/Suprime-Cam survey mentioned in Section 3.3 will form the basis of the
most realistic numerical model of the break-up of the MRi progenitor to-date. With the tight
constraints that can now be imposed on the model, it will be of sufficient quality to provide
targets for future observations of the MRi. This will hasten advances in the understanding of
this structure immensely, and hence of the evolution of the Disc, because regions of specific
interest can be quickly targeted.
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R. J. 2008, The Astronomical Journal, 135, 2013
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